Introduction {#S1}
============

Swine major histocompatibility complex (MHC), which codes for swine leukocyte antigen (SLA), has been mapped to pig chromosome 7 spanning the centromere. SLA genes are highly polymorphic comprising classical class I, II, and III genes ([@B1]). SLA class I and class II proteins are involved in the adaptive immune response through their respective presentations of endogenous and exogenous peptide antigens to circulating T lymphocytes ([@B2]). Class I molecules are recognized by cytotoxic T lymphocytes, which kill transformed cells and virally infected cells, thus preventing tumor cell replication or pathogen release. Class II molecules are recognized by helper T cells, which induce or permit immune responses, including the production of antibodies to extracellular pathogens. Class III molecules include many important immune-defense genes, such as the tumor necrosis factor gene families and components of the complement cascade ([@B3]). Among SLA class I and class II genes, *SLA-1, SLA-2, SLA-3, DRB1*, and *DQB1* are highly polymorphic. Up to now, 192 classical SLA class I alleles (69 *SLA-1*, 87 *SLA-2*, and 36 *SLA-3*) and 145 polymorphic class II alleles (91 *DRB1* and 54 *DQB1*) have been designated by the SLA Nomenclature Committee of the International Society for Animal Genetics (ISAG) in the Immuno Polymorphism Database (IPD)-MHC SLA sequence database.[^1^](#fn1){ref-type="fn"}

Yorkshire and Landrace pigs are widely distributed in the world. When every country develops breeding according to their need, characteristics of natural populations are kept, and the certain special features are bred. These two breeds are the famous leading lean hogs around the world. There are few reports using them as experimental animals for veterinary and medical studies. However, pigs have an evolutionary resemblance to humans and share anatomical, physiological, immunological, metabolic, and nutritional similarities, making them promising organ donors for xenotransplantation. Additionally, because of their white fur, small genetic differentiation, stable genetic structure, and lack of major swine diseases as well as the corresponding antibodies, Canadian Yorkshire and Landrace pigs are more suitable as animal models for the study of virus infections and pathogenesis, host immunological responses, vaccine evaluation, and the identification of T-cell epitopes. However, the different allelic forms of the SLA complex have been confirmed to bind different classes of peptides, and the presence of unknown SLA types in pigs could thus potentially confound the results of such studies ([@B4]--[@B6]). SLA typing is therefore necessary to our understanding of SLA peptide antigen binding and presentation. Determining which SLA alleles are expressed by the animals is an essential initial step in identifying virally derived T-cell epitopes that play a role in generating protective T cell responses against infection in pigs. Following SLA typing, candidate peptide antigens can be screened by various techniques, such as cytotoxic lymphocyte peptide and cytokine stimulation, peptide MHC affinity and stability assays, flow cytometric analyses of T-cell populations specific for peptide MHC tetramers, and by the web resource ICES index[^2^](#fn2){ref-type="fn"} ([@B7]--[@B12]). In this process, the identification of peptides binding to SLA alleles is a critical step. The *MHCcluster* method just provides an important tool for functionally clustering MHC molecules based on their predicted binding specificities ([@B13]).

In this study, we characterized the alleles of five polymorphic SLA loci (*SLA-1, SLA-2, SLA-3, DRB1*, and *DQB1*) identified in Canadian specific pathogen-free (SPF) Yorkshire and Landrace parental breeding pigs using sequence-based typing (SBT), followed by use of a rapid polymerase chain reaction sequence-specific primer (PCR-SSP) method for SLA typing and to assign alleles to haplotypes in the progeny. Following identification of the common SLA class I alleles in Yorkshire and Landrace pigs, we then used the *MHCcluster* method to compare the peptide-binding functions of their encoded proteins. The results of this study will help to develop Yorkshire and Landrace pigs with well-defined SLA as important and useful laboratory animals for investigating pathogenic and immunological mechanisms for various porcine pathogens, as well as for furthering our understanding of the structural and functional implications of SLA gene polymorphisms.

Materials and Methods {#S2}
=====================

Animals {#S2-1}
-------

Yorkshire and Landrace pigs in this study were imported from Canadian Genesus incorporated in 2014 and represent the current breeding stock maintained in the isolation environment at the Harbin Veterinary Research Institute of the Chinese Academy of Agricultural Sciences. All the pigs have been free of 12 major swine diseases as well as their corresponding antibodies, including foot and mouth disease, classical swine fever, porcine reproductive and respiratory syndrome, Japanese encephalitis, pseudorabies, transmissible gastroenteritis, *Brucella, Bordetella bronchiseptica, Actinobacillus pleuropneumoniae*, swine mycoplasmal pneumonia, swine influenza, and porcine epizootic diarrhea. Therefore, they are excellently suited as laboratory animals for biomedical research. In this study, blood samples were obtained from 37 parental breeding pigs, including 15 Yorkshire (4♂, 11♀) and 22 Landrace (6♂, 16♀) pigs, for isolation of peripheral blood mononuclear cells. Ear tissues were collected from 330 F1 progeny pigs for DNA extraction, including 113 Yorkshire, 157 Landrace, and 60 crossbred Yorkshire and Landrace progeny pigs. The swine pedigree was showed in Table [S1](#SM1){ref-type="supplementary-material"} in Supplementary Material. All sample collections were approved by the ethical review board of Harbin Veterinary Research Institute of the Chinese Academy of Agricultural Sciences and performed in accordance with animal ethics guidelines and approved protocols. The animal Ethics Committee approval number is Heilongjiang-SYXK-2006-032.

Identification of SLA Alleles by SBT {#S2-2}
------------------------------------

Five pairs of full-length locus-specific primers were used to amplify the complete coding sequences of five SLA loci (*SLA-1, SLA-2, SLA-3, DRB1*, and *DQB1*). The primers for *SLA-2, SLA-3, DRB1*, and *DQB1* genes were as described by Ho et al. ([@B14]). The primers for the *SLA-1* locus were redesigned as follows: SLA1-F (5′-CTC AGC TTC TCC CCA GAC CCC GAG GCT GAG GAT C-3′) and SLA1-R (5′-GGA TTC TGG AAG GTT CTC AAT CCT TCC ATT TAT TTC CTC-3′). Extraction of total RNA from peripheral blood mononuclear cells, synthesis of cDNA, and reverse transcription-PCR amplification were carried out as described previously ([@B15]). All PCR products were purified, and nucleotide sequences were determined by direct and cloning sequencing. For direct sequencing, two internal sequencing primers, SLA1f (5′-GGC TTC TAC CCT AAG GAG A-3′) and SLA1r (5′-GCC CAC TTC TGG AAG GT-3′), were used to determine the cDNA sequences of three class I genes (*SLA-1, SLA-2*, and *SLA-3*). All sequences were submitted to the GenBank database. Compared with the published SLA alleles in the IPD-MHC SLA sequence database, novel alleles as well as the corresponding haplotypes were assigned official names by the ISAG SLA Nomenclature Committee.

SLA Genotyping by PCR-SSP {#S2-3}
-------------------------

A total of 330 F1 progeny of Canadian SPF Yorkshire and Landrace pigs were genotyped for their SLA class I (*SLA-1, SLA-2*, and *SLA-3*) and class II (*DRB1* and *DQB1*) alleles by PCR-SSP method using extracted DNA samples. These included 113 Yorkshire, 157 Landrace, and 60 crossbred Yorkshire and Landrace progeny. All animals were SLA-typed using the complete set of primers specific for the alleles at all five SLA loci and most of primers followed that by Ho et al. ([@B16], [@B17]) (Table [S2](#SM2){ref-type="supplementary-material"} in Supplementary Material). The reaction volumes, cycling conditions, and interpretation of PCR amplification were performed as described previously ([@B15]). The *ACTA1* gene (porcine α-actin) was used as a positive control, and a negative control without DNA was setup for each typing, to check for reagent contamination (lane 1).

*MHCcluster* Analysis {#S2-4}
---------------------

Comparative analysis of peptide-binding function was performed using the *MHCcluster* method[^3^](#fn3){ref-type="fn"} for in-house and identified frequent SLA class I alleles in this study. In brief, *MHCcluster* was used to cluster SLA molecules functionally based on their predicted binding specificity to 50,000 random natural 9 amino acid long peptides ([@B13]). This analysis predicts binding motifs for SLA class I molecules.

Results {#S3}
=======

SLA Diversity in Yorkshire and Landrace Pigs {#S3-1}
--------------------------------------------

A total of 43 class I (16 *SLA-1*, 16 *SLA-2*, and 11 *SLA-3*) and 18 class II alleles (8 *DQB1* and 10 *DRB1*) were identified at five SLA loci in 15 Yorkshire and 22 Landrace pigs by SBT (Table [1](#T1){ref-type="table"}; Data Sheet [S1](#SM3){ref-type="supplementary-material"} in Supplementary Material). All the nucleotide sequences and protein sequences have been submitted to the GenBank database under the accession numbers KU754544--KU754601 and KU953375--KU953377. Comparisons with other published sequences in the IPD-MHC SLA sequence database indicated that three of the alleles were novel and the official allele names *SLA-3*\*05:03:02, *DRB1*\*06:07, and *DQB1*\*02:12 were assigned by the ISAG SLA Nomenclature Committee. The official designation of alleles identified in this study confirmed some unassigned alleles and standardized nomenclatures of many previously unconfirmed alleles in the GenBank database (Table [2](#T2){ref-type="table"}). The nucleotide sequences of four alleles identified in the 16 samples by SBT were identical to those with GenBank accession numbers KX056221, KT194212, and KT350995; AK351685; DQ992497, DQ992498, and DQ992499; and AK239592, respectively, without official allele names. Therefore, the four confirmed allelic sequences were designated as: *SLA-1*\*07:04 (KU754554), *SLA-1*\*08:11 (KU754558), *SLA-2*\*16:03 (KU754568), and *SLA-2*\*10:06 (KU754570), respectively, by the Committee. Furthermore, *SLA-1*\*08pt13, *SLA-1*\*08sk11, *SLA-1*\*11jh02, *SLA-2*\*w09pt22, *SLA-2*\*10es21, *SLA-2*\*10sk21, *SLA-3*\*03pt31, and *SLA-3*\*hb06 alleles had previously been identified in other pig breeds and some cell lines, e.g., Korean native pigs, Danish swine, Landrace pigs, cell lines "ESK-4, PT-K75, SK-RST," and so on ([@B18]--[@B21]). These alleles were therefore assigned the following permanent names by the SLA Nomenclature Committee: *SLA-1*\*08:07 (KU953375), *SLA-1*\*08:08 (KU754548), *SLA-1*\*11:03 (KU754550), *SLA-2*\*09:03 (KU953376), *SLA-2*\*10:04 (KU754565), *SLA-2*\*10:05 (KU754566), *SLA-3*\*03:06 (KU953377), and *SLA-3*\*04:04 (KU754583), respectively. The nucleotide sequences of *SLA-1*\*rh03 (AF074427), *SLA-2*\*05rh03 (AF074428), *DRB1*\*06sL47 (L08847), *DQB1*\*0203 (AB012093, AF113970), and *DQB1*\*0204 (L08844, EU039916) had previously been submitted to the IPD-MHC database and were identical to the partial coding sequences (exons 2 and 3 of SLA class I genes and exon 2 of class II genes) that we identified in SPF Yorkshire and Landrace pigs. Therefore, the official allele names were assigned as follows by the committee, according to the SLA nomenclature rules ([@B22]--[@B24]): *SLA-1*\*07:03 (KU754555), *SLA-2*\*05:05 (KU754569), *DRB1*\*06:07 (KU754601), *DQB1*\*02:03 (KU754591), and *DQB1*\*02:12 (KU754590), respectively. The other official allele designations assigned by the ISAG SLA Nomenclature Committee are shown in Table [S2](#SM2){ref-type="supplementary-material"} in Supplementary Material. IPD-MHC database has been updated in 2016 and the confirmed alleles in this study have been released in database \[Release 2.0.0.3 (2016-11-03)\]. In addition, more than two *SLA-1* alleles each were detected in seven of the 37 SBT-typed pigs, indicating the presence of a duplicated *SLA-1* locus in multiple SLA haplotypes in Canadian SPF Yorkshire and Landrace pigs. Notably, the *SLA-1*\*09:01 allele was not detected by SBT method using the full-length locus-specific primers SLA1-F/SLA1-R in seven Landrace pigs with Hp-28.0. Subsequently, we attempted to use a pair of sequence-specific typing primers to amplify this allele by PCR in nine Landrace parental breeding pigs (pig ID: 2922, 3037, 3093, 3111, 3112, 3219, 3220, 3222, and 3241). We found clear amplified bands of the expected sizes (193 bp) were visualized in seven pigs with Hp-28.0 (except pig 3037 and 3093 with Hp-73.0).

###### 

**Alleles of five swine leukocyte antigen (SLA) loci identified in Canadian specific pathogen-free Yorkshire and Landrace pigs by the sequence-based typing (SBT) method**.

  Pig ID          Sex   SLA allele specificity                                 Corresponding SLA genotype[^a^](#tfn1){ref-type="table-fn"}                                                         
  --------------- ----- ------------------------------------------------------ ------------------------------------------------------------- ----------------- ----------------- ----------------- ------------------
  **Landrace**                                                                                                                                                                                     
  2906            ♀     07:02, 14:01                                           05:02, 04:02                                                  02:02, 10:04      06:01, 10:01      06:01, 07:01:01   Hp-32.12b/64.23
  2922            ♀     14:01, 15:01, 09:01[^b^](#tfn2){ref-type="table-fn"}   05:02, 07:01:02                                               10:04, 05:03      10:01             06:01             Hp-64.23/28.23
  2959            ♀     14:01, 08:11                                           05:02                                                         10:04, 10:06      10:01             06:01             Hp-64.23/26b.23
  2995            ♀     14:01                                                  05:02, 04:04                                                  10:04, 06:02:01   10:01, 06:02      06:01, 07:01:01   Hp-64.23/62.12a
  3037            ♂     07:02, 15:01                                           04:02                                                         02:02             06:01             07:01:01          Hp-32.12b/73.12b
  3065            ♂     14:01                                                  05:02, 04:04                                                  10:04, 06:02:01   10:01, 06:02      06:01, 07:01:01   Hp-64.23/62.12a
  3093            ♀     08:01, 15:01                                           07:01:01, 04:02                                               02:02, 05:02      10:01, 06:01      06:01, 07:01:01   Hp-7.23/73.12b
  3100            ♂     08:05, 08:01                                           07:01:01, 06:01                                               05:02, 05:04      10:01, 06:01      06:01, 07:01:01   Hp-6.12b/7.23
  3111            ♀     15:01, 09:01[^b^](#tfn2){ref-type="table-fn"}          07:01:02, 04:02                                               02:02, 05:03      10:01, 06:01      06:01, 07:01:01   Hp-28.23/73.12b
  3112            ♀     15:01, 09:01[^b^](#tfn2){ref-type="table-fn"}          07:01:02, 04:02                                               02:02, 05:03      10:01, 06:01      06:01, 07:01:01   Hp-28.23/73.12b
  3141            ♀     14:01                                                  04:04                                                         06:02:01          06:02             07:01:01          Hp-62.12a
  3216            ♀     14:01, 12:01, 13:01                                    05:02, 04:04                                                  10:01, 06:02:01   10:01, 06:02      06:01, 07:01:01   Hp-35.23/62.12a
  3219            ♀     14:01, 15:01, 09:01[^b^](#tfn2){ref-type="table-fn"}   05:02, 07:01:02                                               10:04, 05:03      10:01, 08:01      06:01, 02:03      Hp-28.8b/64.23
  3220            ♀     15:01, 09:01[^b^](#tfn2){ref-type="table-fn"}          07:01:02                                                      05:03             10:01             06:01             Hp-28.23
  3222            ♀     15:01, 09:01[^b^](#tfn2){ref-type="table-fn"}          07:01:02                                                      05:03             10:01             06:01             Hp-28.23
  3231            ♂     08:01, 07:02                                           04:02, 07:01:01                                               02:02, 05:02      06:01, 08:01      07:01:01, 02:03   Hp-7.8b/32.12b
  3241            ♂     07:02, 15:01, 09:01[^b^](#tfn2){ref-type="table-fn"}   04:02, 07:01:02                                               02:02, 05:03      06:01, 10:01      06:01, 07:01:01   Hp-28.23/32.12b
  3242            ♂     04:01:01, 07:02                                        04:01, 04:02                                                  02:02, 04:02:01   05:01, 06:01      02:01, 07:01:01   Hp-4b.5/32.12b
  3253            ♀     08:01, 07:02                                           04:02, 07:01:01                                               02:02, 05:02      06:01, 08:01      07:01:01, 02:03   Hp-7.8b/32.12b
  3255            ♀     04:01:01, 08:01                                        07:01:01, 04:01                                               05:02, 04:02:01   05:01, 08:01      02:03, 02:01      Hp-4b.5/7.8b
  3257            ♀     08:01, 07:02                                           04:02, 07:01:01                                               02:02, 05:02      06:01, 08:01      07:01:01, 02:03   Hp-7.8b/32.12b
  3313            ♀     14:01                                                  04:04                                                         06:02:01          06:02             07:01:01          Hp-62.12a
  **Yorkshire**                                                                                                                                                                                    
  4975            ♀     08:08, 08:11                                           05:02                                                         10:06, 10:05      10:01             06:01             Hp-26a.23/26b.23
  5045            ♀     04:01:01, 08:11                                        04:01, 05:02                                                  10:06, 04:01      10:01, 02:01:01   06:01, 04:01:01   Hp-26b.23/4a.4a
  5075            ♂     04:01:01, 08:11                                        04:01, 05:02                                                  10:06, 04:01      10:01, 02:01:01   06:01, 04:01:01   Hp-26b.23/4a.4a
  5076            ♂     04:01:01, 12:01, 13:01                                 04:01, 05:02                                                  04:01, 10:01      02:01:01, 10:01   04:01:01, 06:01   Hp-4a.4a/35.23
  5187            ♀     01:01, 08:11                                           05:02, 01:01                                                  01:01, 10:06      04:02, 10:01      02:02, 06:01      Hp-1a.15b/26b.23
  5194            ♂     04:01:01, 12:01, 13:01                                 04:01, 05:02                                                  10:01, 04:01      10:01, 02:01:01   06:01, 04:01:01   Hp-4a.4a/35.23
  5208            ♀     11:03, 08:11, 08:12                                    05:02, 05:03:02                                               16:03, 10:06      09:01:01, 10:01   06:01, 09:01      Hp-26b.23/63.27
  5227            ♀     11:03, 08:11, 08:12                                    05:02, 05:03:02                                               16:03, 10:06      09:01:01, 10:01   06:01, 09:01      Hp-26b.23/63.27
  5238            ♀     04:01:01, 08:07                                        04:01, 03:06                                                  04:01, 09:03      02:01:01          02:01, 04:01:01   Hp-4a.4a/58.2
  5247            ♀     08:08, 07:04                                           05:06, 05:02                                                  10:05, 09:05      07:01, 10:01      02:01, 06:01      Hp-26a.23/37.24
  5327            ♂     04:01:01, 07:03                                        04:01, 06:01                                                  05:05, 04:01      06:07, 02:01:01   02:12, 04:01:01   Hp-4a.4a/21.22
  5341            ♀     11:03, 08:11, 08:12                                    05:02, 05:03:02                                               16:03, 10:06      09:01:01, 10:01   06:01, 09:01      Hp-26b.23/63.27
  5343            ♀     11:03, 08:11, 08:12                                    05:02, 05:03:02                                               16:03, 10:06      09:01:01, 10:01   06:01, 09:01      Hp-26b.23/63.27
  5344            ♀     01:01, 08:11                                           01:01, 05:02                                                  01:01, 10:06      04:02, 10:01      02:02, 06:01      Hp-1a.15b/26b.23
  5346            ♀     01:01, 08:11                                           01:01, 05:02                                                  01:01, 10:06      04:02, 10:01      02:02, 06:01      Hp-1a.15b/26b.23

*^a^Designation refers to Table [3](#T3){ref-type="table"}*.

*^b^SLA-1\*09:01 was detected by PCR-sequence specific primers but missed by mRNA SBT*.

###### 

**The alleles identified in Canadian specific pathogen-free Yorkshire and Landrace pigs which confirmed the unassigned alleles and standardized nomenclatures of the previously unconfirmed alleles in the GenBank database**.

  Locus                                                      Allele             GenBank accession number   Official International Society for Animal Genetics designation   
  ---------------------------------------------------------- ------------------ -------------------------- ---------------------------------------------------------------- ----------------
  **The unassigned allele with complete coding sequence**                                                                                                                   
  *SLA-1*                                                    *SLA-1*\*dxbm05    KU754554                   KX056221                                                         *SLA-1*\*07:04
  *SLA-1*\*wzs01                                             KT194212                                                                                                       
  *SLA-1*\*bm04                                              KT350995                                                                                                       
  --                                                         KU754558           AK351685                   *SLA-1*\*08:11                                                   
  *SLA-2*                                                    --                 KU754568                   DQ992497                                                         *SLA-2*\*16:03
  --                                                         DQ992498                                                                                                       
  --                                                         DQ992499                                                                                                       
  --                                                         KU754570           AK239592                   *SLA-2*\*10:06                                                   
  **The unconfirmed allele with complete coding sequence**                                                                                                                  
  *SLA-1*                                                    *SLA-1*\*08pt13    KU953375                   EU440337                                                         *SLA-1*\*08:07
  *SLA-1*\*08sk11                                            KU754548           EU440332                   *SLA-1*\*08:08                                                   
  *SLA-1*\*11jh02                                            KU754550           DQ883209                   *SLA-1*\*11:03                                                   
  *SLA-2*                                                    *SLA-2*\*w09pt22   KU953376                   EU432085                                                         *SLA-2*\*09:03
  *SLA-2*\*10es21                                            KU754565           EU432090                   *SLA-2*\*10:04                                                   
  *SLA-2*\*10sk21                                            KU754566           EU432083                   *SLA-2*\*10:05                                                   
  *SLA-3*                                                    *SLA-3*\*03pt31    KU953377                   EU432095                                                         *SLA-3*\*03:06
  *SLA-3*\*hb06                                              KU754583           AP009559                   *SLA-3*\*04:04                                                   
  **The unconfirmed allele with partial coding sequence**                                                                                                                   
  *SLA-1*                                                    *SLA-1*\*rh03      KU754555                   AF074427                                                         *SLA-1*\*07:03
  *SLA-2*                                                    *SLA-2*\*05rh03    KU754569                   AF074428                                                         *SLA-2*\*05:05
  *DRB1*                                                     *DRB1*\*06sL47     KU754601                   L08847                                                           *DRB1*\*06:07
  *DQB1*                                                     *DQB1*\*0203       KU754591                   AB012093                                                         *DQB1*\*02:03
  AF113970                                                                                                                                                                  
  *DQB1*\*0204                                               KU754590           L08844                     *DQB1*\*02:12                                                    
  EU039916                                                                                                                                                                  

Based on the SLA alleles identified in the parental SPF Yorkshire and Landrace pigs, 44 pairs of sequence-specific typing primers were designed to differentiate each of the 62 alleles (including *SLA-1*\*09:01 allele) using PCR (Table [S2](#SM2){ref-type="supplementary-material"} in Supplementary Material). The results of PCR-SSP SLA typing of the 37 founding pigs were consistent with the SBT data (Table [1](#T1){ref-type="table"}). Subsequently, all F1 progeny pigs were genotyped using the complete set of primers to assign alleles to haplotypes based on inheritance and segregation patterns by descent. A representative gel image showing the typing of Yorkshire and Landrace pigs is shown in Figure [1](#F1){ref-type="fig"}. The SLA genotypes of each individual were determined according to the allele-specific bands. The results showed that a total of 19 SLA haplotypes were identified in SPF Yorkshire and Landrace pigs at the molecular level, including 17 class I haplotypes and 11 class II haplotypes. Official ISAG haplotype designations were assigned by the SLA Nomenclature Committee (Table [3](#T3){ref-type="table"}). Among these, three class I haplotypes, Hp-37.0, 63.0, and 73.0, appeared to be novel and have not previously been reported in other pig populations (Table [4](#T4){ref-type="table"}). The most common haplotype Hp-26b.23 (*SLA-1*\*08:11--*SLA-3*\*05:02--*SLA-2*\*10:06--*DRB1*\*10:01--*DQB1*\*06:01) and Hp-32.12b (*SLA-1*\*07:02--*SLA-3*\*04:02--*SLA-2*\*02:02--*DRB1*\*06:01--*DQB1*\*07:01:01) was identified in 76 Yorkshire and 74 Landrace pigs with frequencies of 29.7 and 20.7%, respectively. Two *SLA-1* alleles were observed in three class I haplotypes in pigs: Hp-28.0 (*SLA-1*\*09:01, *SLA-1*\*15:01), Hp-35.0 (*SLA-1*\*12:01, *SLA-1*\*13:01), and Hp-63.0 (*SLA-1*\*08:12, *SLA-1*\*11:03). Several haplotypes appeared to be the result of crossovers between class I and class II regions, e.g., Hp-7.8b, comprising class I haplotype Hp-7.23 and class II haplotype Hp-28.8b. Hp-28.8b and 28.23 haplotypes comprised different sets of class II alleles but shared the same class I alleles. Hp-7.23, 26a.23, 26b.23, 28.23, 35.23, and 64.23 haplotypes comprised different sets of class I alleles but shared the same class II alleles.

![**Examples of swine leukocyte antigen (SLA) genotyping in Canadian specific pathogen-free Yorkshire and Landrace pigs at five loci (*SLA-1, SLA-3, SLA-2, DRB1*, and *DQB1*) by PCR-sequence-specific primers using the full primer set (44 primer pairs, lane 2 through 45, specific for each alleles identified in pigs) (Table [S2](#SM2){ref-type="supplementary-material"} in Supplementary Material)**. Negative controls with all reagents except DNA were used to check for contamination (lane 1). Positive internal control primers (porcine *ACTA1*, 516 bp) were multiplexed into each reaction to check for adequate amplification (upper band). The presence of a smaller PCR product indicates the sample was positive for the allele(s) in the corresponding reaction (lower band). Product sizes of each allele-specific primer are given in Table [S2](#SM2){ref-type="supplementary-material"} in Supplementary Material. Pig samples shown here are \[**(A)** Landrace\] SLA Hp-32.12b/28.23 (Table [3](#T3){ref-type="table"}), with specific amplifications in lanes 4 (*SLA-1*\*07:02), 6 (*SLA-1*\*09:01), 14 (*SLA-1*\*15:01), 18 (*SLA-3*\*04:02), 19 (*SLA-3*\*04:02), 22 (*SLA-3*\*07:01:02), 23 (*SLA-3*\*07:01:02), 27 (*SLA-2*\*05:03), 32 (*SLA-2*\*02:02), 36 (*DRB1*\*06:01), 40 (*DRB1*\*10:01), 43 (*DQB1*\*06:01), and 44 (*DQB1*\*07:01:01); and \[**(B)** Yorkshire\] SLA Hp-4a.4a/63.27 (Table [3](#T3){ref-type="table"}), with specific amplifications in lanes 3 (*SLA-1*\*04:01:01), 7 (*SLA-1*\*11:03), 13 (*SLA-1*\*08:12), 18 (*SLA-3*\*04:01), 20 (*SLA-3*\*05:03:02), 24 (*SLA-3*\*05:03:02), 26 (*SLA-2*\*04:01), 30 (*SLA-2*\*16:03), 33 (*DRB1*\*02:01:01), 39 (*DRB1*\*09:01:01), 42 (*DQB1*\*04:01:01), and 45 (*DQB1*\*09:01). *M*, 100 bp PCR marker (TaKaRa, Dalian, China).](fimmu-08-00282-g001){#F1}

###### 

**Swine leukocyte antigen (SLA) haplotypes and corresponding alleles identified in Canadian specific pathogen-free Yorkshire and Landrace pigs**.

  SLA haplotype \[International Society for Animal Genetics (ISAG) Nomenclature\]   Class I loci                                    Class II loci   No. of pigs/haplotype frequency (%)                                                       
  --------------------------------------------------------------------------------- ----------------------------------------------- --------------- ------------------------------------- ---------- ---------- --------- --------- --------- ---------
  Hp-1a.15b                                                                         01:01                                           01:01           01:01                                 04:02      02:02      25/9.8                        
  Hp-4a.4a                                                                          04:01:01                                        04:01           04:01                                 02:01:01   04:01:01   67/26.2             17/27.4   9/15.5
  Hp-4b.5                                                                           04:01:01                                        04:01           04:02:01                              05:01      02:01                26/7.3              
  Hp-6.12b                                                                          08:05                                           06:01           05:04                                 06:01      07:01:01             26/7.3              
  Hp-7.8b                                                                           08:01                                           07:01:01        05:02                                 08:01      02:03                36/10.0   5/8.1     
  Hp-7.23                                                                           08:01                                           07:01:01        05:02                                 10:01      06:01                31/8.6              
  Hp-21.22                                                                          07:03                                           06:01           05:05                                 06:07      02:12      18/7.0              4/6.5     
  Hp-26a.23                                                                         08:08                                           05:02           10:05                                 10:01      06:01      7/2.7                         7/12.1
  Hp-26b.23                                                                         08:11                                           05:02           10:06                                 10:01      06:01      76/29.7   12/3.4              13/22.4
  Hp-28.8b                                                                          09:01[^b^](#tfn4){ref-type="table-fn"}, 15:01   07:01:02        05:03                                 08:01      02:03                6/1.7               
  Hp-28.23                                                                          09:01[^b^](#tfn4){ref-type="table-fn"}, 15:01   07:01:02        05:03                                 10:01      06:01                48/13.4   11/17.7   14/24.1
  Hp-32.12b                                                                         07:02                                           04:02           02:02                                 06:01      07:01:01             74/20.7   4/6.5     15/25.9
  Hp-35.23                                                                          12:01, 13:01                                    05:02           10:01                                 10:01      06:01      19/7.4    6/1.7     10/16.1   
  Hp-37.24                                                                          07:04                                           05:06           09:05                                 07:01      02:01      11/4.3                        
  Hp-58.2                                                                           08:07                                           03:06           09:03                                 02:01:01   02:01      6/2.3                         
  Hp-62.12a                                                                         14:01                                           04:04           06:02:01                              06:02      07:01:01             27/7.5    10/16.1   
  Hp-63.27                                                                          08:12, 11:03                                    05:03:02        16:03                                 09:01:01   09:01      26/10.2                       
  Hp-64.23                                                                          14:01                                           05:02           10:04                                 10:01      06:01                33/9.2    1/1.6     
  Hp-73.12b                                                                         15:01                                           04:02           02:02                                 06:01      07:01:01             31/8.6              
  **Recombinant haplotype**                                                                                                                                                                                                                   
  Hp-*NA*.12b[^c^](#tfn5){ref-type="table-fn"}                                      09:01[^b^](#tfn4){ref-type="table-fn"}, 15:01   04:02           02:02                                 06:01      07:01:01             1/0.3               
  Hp-64.8b                                                                          14:01                                           05:02           10:04                                 08:01      02:03                1/0.3               
  Hp-26b.4a                                                                         08:11                                           05:02           10:06                                 02:01:01   04:01:01   1/0.4                         

*^a^Y, Yorkshire; L, Landrace; Y × L, Yorkshire Landrace cross; L × Y, Landrace Yorkshire cross*.

*^b^SLA-1\*09:01 was detected by PCR-sequence-specific primers but missed by mRNA sequence-based typing*.

*^c^NA, official designation of the crossover class I haplotypes was not assigned by the ISAG SLA Nomenclature Committee*.

###### 

**Swine leukocyte antigen (SLA) class I and class II haplotypes identified in Canadian specific pathogen-free Yorkshire and Landrace pigs and in swine breeds and cell lines with published identical haplotypes**.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  SLA class I haplotype                                Breed[^a^](#tfn6){ref-type="table-fn"}                Reference                                            SLA class II haplotype                       Breed[^a^](#tfn6){ref-type="table-fn"}              Reference
  ---------------------------------------------------- ----------------------------------------------------- ---------------------------------------------------- -------------------------------------------- --------------------------------------------------- -----------------------
  Hp-1a.0                                              Large white                                           Renard et al. ([@B25])                               Hp-0.2                                       Landrace × Yorkshire                                Le et al. ([@B26])

  KSU, PCV, Big pig[^b^](#tfn7){ref-type="table-fn"}   Ho et al. ([@B16])                                    Sinclair, Hanford                                    Ho et al. ([@B27])                                                                               

  Pietrain[^b^](#tfn7){ref-type="table-fn"}            Essler et al. ([@B31])                                NIH                                                  Smith et al. ([@B28])                                                                            

  Danish pigs[^b^](#tfn7){ref-type="table-fn"}         Pedersen et al. ([@B19])                              MPK                                                  Ho et al. ([@B21])                                                                               

  German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                 PCV, Big pig, KSU[^b^](#tfn7){ref-type="table-fn"}   Ho et al. ([@B17])                                                                               

                                                                                                             SNU                                                  Yeom et al. ([@B29])                                                                             

                                                                                                             Du, Y × L, La, NIH, Os, SNU, Yo                      Le et al. ([@B30])                                                                               

                                                                                                                                                                                                                                                                   

  Hp-4a.0                                              NIH\                                                  Oleksiewicz et al.; Smith et al. ([@B5], [@B28])\    Hp-0.4a                                      Landrace × Yorkshire\                               Le et al. ([@B26])\
                                                       Duroc\                                                Immuno Polymorphism Database (IPD)-MHC database\                                                  NIH                                                 Smith et al. ([@B28])
                                                       Meishan[^c^](#tfn8){ref-type="table-fn"}              Ho et al. ([@B14])                                                                                                                                    

  Hp-4b.0                                              PK13, PK15                                            Ho et al. ([@B21])                                                                                Big pig[^b^](#tfn7){ref-type="table-fn"}            Ho et al. ([@B17])

  Yucatan                                              Smith et al. ([@B28])                                                                                      Y × L, NIH                                   Le et al. ([@B30])                                  

  Hp-4.0                                               KSU, PCV, Big pig[^b^](#tfn7){ref-type="table-fn"}\   Ho et al. ([@B16])\                                                                                                                                   
                                                       Danish pigs[^b^](#tfn7){ref-type="table-fn"}\         Pedersen et al. ([@B19])\                                                                                                                             
                                                       Yucatan[^b^](#tfn7){ref-type="table-fn"}\             Choi et al. ([@B33])\                                                                                                                                 
                                                       German Landrace[^b^](#tfn7){ref-type="table-fn"}      Gimsa et al. ([@B32])                                                                                                                                 

                                                                                                                                                                                                                                                                   

  Hp-6.0                                               Microminipig                                          Ando et al. ([@B34])                                 Hp-0.5                                       Landrace × Yorkshire                                Le et al. ([@B26])

  Yucatan                                              Smith et al.; Choi et al. ([@B28], [@B33])            PK13, PK15                                           Ho et al. ([@B21])                                                                               

  Big pig[^b^](#tfn7){ref-type="table-fn"}             Ho et al. ([@B16])                                    Yucatan                                              Smith et al.; Choi et al. ([@B28], [@B33])                                                       

  Danish pigs[^b^](#tfn7){ref-type="table-fn"}         Pedersen et al. ([@B19])                              PCV[^b^](#tfn7){ref-type="table-fn"}                 Ho et al. ([@B17])                                                                               

  German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                 Y × L, La, Os, Yo                                    Le et al. ([@B30])                                                                               

                                                                                                                                                                                                                                                                   

  Hp-7.0                                               Korean native pig[^b^](#tfn7){ref-type="table-fn"}    Cho et al. ([@B35])                                  Hp-0.8b                                      Landrace × Yorkshire                                Le et al. ([@B26])

  Yucatan                                              Smith et al. ([@B28])                                 PCV[^b^](#tfn7){ref-type="table-fn"}                 Ho et al. ([@B17])                                                                               

  PCV[^b^](#tfn7){ref-type="table-fn"}                 Ho et al. ([@B16])                                    Y × L                                                Le et al. ([@B30])                                                                               

  Danish pigs[^b^](#tfn7){ref-type="table-fn"}         Pedersen et al. ([@B19])                              German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                                                            

  German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                                                                                                                                                                       

                                                                                                                                                                                                                                                                   

  Hp-21.0                                              Commercial breeds                                     IPD-MHC database                                     Hp-0.12a                                     Sinclair                                            Ho et al. ([@B27])

  PCV, Big pig^b^                                      Ho et al. ([@B16])                                    Hp-0.12                                              Pietrain[^b^](#tfn7){ref-type="table-fn"}    Essler et al. ([@B31])                              

                                                                                                             PCV, Big pig[^b^](#tfn7){ref-type="table-fn"}        Ho et al. ([@B17])                                                                               

                                                                                                             German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                                                            

                                                                                                                                                                                                                                                                   

  Hp-26a.0                                             SK-RST                                                Ho et al. ([@B21])                                   Hp-0.15b                                     Landrace × Yorkshire                                Le et al. ([@B26])

  Hp-26.0                                              KSU[^b^](#tfn7){ref-type="table-fn"}                  Ho et al. ([@B16])                                   Banna                                        Zeng et al.; Zeng and Zeng ([@B36], [@B37])         

  Pietrain[^b^](#tfn7){ref-type="table-fn"}            Essler et al. ([@B31])                                PCV, Big pig, KSU[^b^](#tfn7){ref-type="table-fn"}   Ho et al. ([@B17])                                                                               

  Danish pigs[^b^](#tfn7){ref-type="table-fn"}         Pedersen et al. ([@B19])                              Ld, Yo                                               Le et al. ([@B30])                                                                               

  German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                                                                                                                                                                       

                                                                                                                                                                                                                                                                   

  Hp-28.0                                              Landrace                                              Tanaka-Matsuda et al. ([@B20])                       Hp-0.22                                      PCV, Big pig, MY[^b^](#tfn7){ref-type="table-fn"}   Ho et al. ([@B17])

  Pietrain[^b^](#tfn7){ref-type="table-fn"}            Essler et al. ([@B31])                                                                                                                                                                                      

  German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                                                                                                                                                                       

                                                                                                                                                                                                                                                                   

  Hp-32.0                                              IU-pig model                                          Reyes et al. ([@B38])                                Hp-0.23                                      Microminipig                                        Ando et al. ([@B34])

  ST                                                   Ho et al. ([@B21])                                    IU-pig model                                         Reyes et al. ([@B38])                                                                            

  Big pig[^b^](#tfn7){ref-type="table-fn"}             Ho et al. ([@B16])                                    Landrace × Yorkshire                                 Le et al. ([@B26])                                                                               

  Pietrain[^b^](#tfn7){ref-type="table-fn"}            Essler et al. ([@B31])                                Guizhou                                              Liu et al. ([@B39])                                                                              

  Danish pigs[^b^](#tfn7){ref-type="table-fn"}         Pedersen et al. ([@B19])                              Korean native pig[^b^](#tfn7){ref-type="table-fn"}   Cho et al. ([@B35])                                                                              

  German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                 Big pig[^b^](#tfn7){ref-type="table-fn"}             Ho et al. ([@B17])                                                                               

  Pietrain[^b^](#tfn7){ref-type="table-fn"}            Essler et al. ([@B31])                                                                                                                                                                                      

  Y × L, Yo                                            Le et al. ([@B30])                                                                                                                                                                                          

  German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                                                                                                                                                                       

                                                                                                                                                                                                                                                                   

  Hp-35.0                                              Bama                                                  Gao et al. ([@B15])                                  Hp-0.24                                      Landrace × Yorkshire                                Le et al. ([@B26])

  Microminipig                                         Ando et al. ([@B34])                                  Big pig[^b^](#tfn7){ref-type="table-fn"}             Ho et al. ([@B17])                                                                               

  IU-pig model                                         Reyes et al. ([@B38])                                 Pietrain[^b^](#tfn7){ref-type="table-fn"}            Essler et al. ([@B31])                                                                           

  Pietrain[^b^](#tfn7){ref-type="table-fn"}            Essler et al. ([@B31])                                AGH, Y × L, Yo                                       Le et al. ([@B30])                                                                               

  PT-K75                                               Ho et al. ([@B21])                                                                                                                                                                                          

  German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                                                                                                                                                                       

                                                                                                                                                                                                                                                                   

  Hp-58.0                                              PT-K75                                                Ho et al. ([@B21])                                   Hp-0.27                                      Landrace × Yorkshire                                Le et al. ([@B26])

  Guizhou                                              Liu et al. ([@B39])                                                                                                                                                                                         

  PCV[^b^](#tfn7){ref-type="table-fn"}                 Ho et al. ([@B17])                                                                                                                                                                                          

  Du, Ld, Y × L                                        Le et al. ([@B30])                                                                                                                                                                                          

                                                                                                                                                                                                                                                                   

  Hp-62.0                                              Landrace                                              Tanaka-Matsuda et al. ([@B20])                                                                                                                        

  Danish pigs[^b^](#tfn7){ref-type="table-fn"}         Pedersen et al. ([@B19])                                                                                                                                                                                    

  German Landrace[^b^](#tfn7){ref-type="table-fn"}     Gimsa et al. ([@B32])                                                                                                                                                                                       

                                                                                                                                                                                                                                                                   

  Hp-64.0                                              ESK-4                                                 Ho et al. ([@B21])                                                                                                                                    

  Pietrain[^b^](#tfn7){ref-type="table-fn"}            Essler et al. ([@B31])                                                                                                                                                                                      
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*^a^Breed in which the haplotype has been reported*.

*^b^Low-resolution SLA haplotype*.

*^c^Hp-4c.0 differs from Hp-4a.0 at the SLA-6 locus*.

Among the 367 pigs SLA genotyped in this study, a total of three crossovers were identified within the SLA region. The details of each crossover are shown schematically in Figure [2](#F2){ref-type="fig"}. One crossover occurred within the class I region, resulting in one new recombinant haplotype (Figure [2](#F2){ref-type="fig"}A), with a haplotype frequency of 0.3%. Two crossovers involved exchanges between class I and class II regions, resulting in two new recombinant haplotypes Hp-64.8b and Hp-26b.4a (Figure [2](#F2){ref-type="fig"}B), with haplotype frequencies of 0.3 and 0.4%, respectively.

![**Schematic diagram of swine leukocyte antigen (SLA) crossovers identified in Canadian specific pathogen-free Yorkshire and Landrace pigs**. Five loci (*SLA-1, SLA-3, SLA-2, DRB1*, and *DQB1*) of the SLA complex are shown. *Broken lines* indicate probable positions where the crossover occurred. Panel **(A)** indicates one crossover within the class I region; panel **(B)** indicates two crossovers between class I and class II regions. *NA*, official designation of crossover class I haplotypes not assigned by the International Society for Animal Genetics SLA Nomenclature Committee.](fimmu-08-00282-g002){#F2}

SLA Class I Molecule Clustering {#S3-2}
-------------------------------

To illustrate the important differences between sequence- and function-based clustering, we generated clusters of SLA class I alleles by functional clustering using the *MHCcluster* method. Nineteen identified frequent class I alleles in Yorkshire and Landrace pigs were chosen for analysis, including six *SLA-1* alleles, six *SLA-2* alleles, and seven *SLA-3* alleles, which already exists in the MHC allele lists of *MHCcluster* Server. *MHCcluster* analysis was based on the comparison of predicted binding motifs for each individual SLA molecule and gave an unrooted tree visualization of functional peptide-binding similarities. This analysis demonstrated that clustering to a very high degree produced four distinct specificity groups (Figure [3](#F3){ref-type="fig"}). However, some SLA class I molecules were not well characterized by the specificities of four supertypes. Each of four clusters consisted of SLA class I molecules with highly divergent specificities, and some molecules, e.g., *SLA-1*\*12:01, *SLA-3*\*01:01, *SLA-2*\*02:02, and *SLA-2*\*10:01, were poorly characterized by the specificities of four supertypes. Moreover, the sequence homologies between *SLA-1*\*01:01 and *SLA-2*\*05:02 molecules were 89.7% at the amino acid level, but examination of the binding specificities represented by the sequence logos that described the predicted binding motif for each SLA molecule revealed that *SLA-1*\*01:01 and *SLA-2*\*05:02 molecules were functionally similar compared with other molecules, e.g., *SLA-1*\*04:01 and *SLA-1*\*13:01, which shared 97.3% similarity at the amino acid level. The peptide-binding motifs of *SLA-3*\*01:01 was shown to have a mixed *SLA-3*\*04:02 and *SLA-3*\*05:02/05:03 specificity matching *SLA-3*\*04:02 at the N-terminal and *SLA-3*\*05:02/05:03 at the C-terminal ends. These molecules all had predicted accuracy values of 1.00, indicating that the molecules were well characterized by the peptide-binding data. The calculated binding motifs were thus considered to have a high likelihood of giving a correct representation of the specificity of the molecules. In addition, although *SLA-1*\*04:01 and *SLA-1*\*13:01 molecules shared close to 97.3% similarity, differing by only nine amino acid substitutions, they appeared to have functional differences, despite being classified in a single cluster using functional clustering.

![**Functional clustering of 19 identified frequent swine leukocyte antigen (SLA) class I alleles in Canadian specific pathogen-free Yorkshire and Landrace pigs using *MHCcluster***. Panel **(A)** shows a tree representation of the clustering; panel **(B)** shows a heat map representation. The tree was visualized using the advanced tree-viewer in *MHCcluster*. Sequence logos of the predicted binding specificity are included for each class I allele.](fimmu-08-00282-g003){#F3}

Discussion {#S4}
==========

Specific pathogen-free Yorkshire and Landrace pigs were imported from Canadian Genesus incorporated in 2014 and represent the most important large animal model for studying host immune responses to viruses in China. The SLA complex consists of many important immune-related genes and has been repeatedly associated with variations in immunological and physiological performances. Therefore, it is essential to define the SLA alleles and haplotypes of these pigs molecularly, to use them preferably as classical laboratory animals for clarifying the molecular mechanisms responsible for host immune responses. In this study, we identified and assigned 43 class I and 18 class II alleles at five SLA loci representing 17 class I haplotypes and 11 class II haplotypes, by the SBT and PCR-SSP methods. The official ISAG haplotype designations were assigned by the SLA Nomenclature Committee. These submissions confirmed and defined many previously unconfirmed alleles and haplotypes. The SLA Nomenclature Committee adopted the naming protocol for human leukocyte antigen alleles and has converted the SLA nomenclature system to better resemble the human leukocyte antigen system. Currently, the confirmed alleles in this study have been released in updated IPD-MHC SLA database \[Release 2.0.0.3 (2016-11-03)\]. Among these haplotypes, three class I haplotypes, Hp-37.0, 63.0, and 73.0, appeared to be novel and have not previously been reported in other pig breeds, although the *SLA-1*\*07:04 allele was found in the Chinese Bama miniature pig (KX056221) and Wuzhishan miniature pig (KT194212), and the *SLA-2*\*16:03 allele was obtained from the clone KNP2006 (DQ992497)/KNP2007 (DQ992498)/KNP2008 (DQ992499), constructed from Korean native pigs. This suggests that these pigs might also carry the corresponding haplotypes. Inheritance and segregation patterns by descent demonstrated the presence of a duplicated *SLA-1* locus in Hp-28.0, Hp-35.0, and Hp-63.0. In particular, the *SLA-1*\*09:01 allele was not detected by SBT method. However, it has been found that the *SLA-1a*\*09:01 and *SLA-1b*\*15:01 alleles of Hp-28.0 are mapped between a 149-kb genomic segment of the SLA class I gene clusters by BAC sequencing analyses ([@B20]), and our results of PCR-SSP SLA typing were consistent with the previous findings.

Haplotype Hp-4.0 (4a.0 or 4b.0) was the more prevalent class I haplotype in Yorkshire, Landrace, and crossbred progeny between Yorkshire and Landrace pigs. This is consistent with previous reports identifying Hp-4.0 as commonly present in swine breeds worldwide, including NIH, Duroc, Meishan, Yucatan, Danish pigs, German purebred Landrace, and outbred pig populations, and "PK13, PK15" cell lines ([@B5], [@B14], [@B16], [@B19], [@B21], [@B28], [@B32], [@B33]), indicating that Hp-4.0 is a valuable SLA class I haplotype that has survived long-term evolutionary selection. No novel class II haplotypes were identified in SPF Yorkshire and Landrace pigs. Hp-0.23 was the most common SLA class II haplotype in this study and was shared by several other pig populations, including Microminipigs, the IU-pig model, Landrace × Yorkshire, Guizhou miniature pigs, Korean native pigs, Big pigs, German purebred Landrace, and Pietrain pigs ([@B17], [@B26], [@B31], [@B32], [@B34], [@B35], [@B38], [@B39]) (Table [4](#T4){ref-type="table"}). This suggests that Yorkshire and Landrace pigs may share some common genetic background with these breeds.

Six SLA class I haplotypes, Hp-4b.0, Hp-26a.0, Hp-32.0, Hp-35.0, Hp-58.0, and Hp-64.0, identified in this study had been also identified in six commercially available porcine cell lines, ESK-4, PK13, PK15, PT-K75, SK-RST, and ST ([@B21]). In addition, two class I haplotypes (Hp-32.0 and Hp-35.0) and a class II haplotype (Hp-0.23) had also been identified in the crossbred IU-pig model for use in xenotransplant studies ([@B38]). This suggests that Yorkshire or Landrace pigs might have been commonly used to involve in the establishment of some porcine cell lines and specific animal models.

We also found recombination events in the SLA region. One recombinant within the SLA class I region and two between class I and class II regions were identified in 367 Yorkshire and Landrace pigs. Three SLA recombinants were previously identified in 281 Chinese Bama miniature pigs ([@B15]), and six crossovers were also identified within the SLA region in 466 Sinclair and Hanford pigs ([@B27]). A novel line of miniature pigs, Microminipigs, which have a considerably smaller body size than other miniature pig breeds, such as Clawn, Yucatan, NIH, Sinclair, and Hanford, also have three recombinant haplotypes ([@B34]). This suggests the existence of recombination hotspots in the SLA class I and class III regions. Crossover within the SLA class II region has not yet been found. Importantly, these pig breeds will be useful for studying the effects of selected differences at SLA class I and/or class II loci on parameters of transplantation immunity.

Yorkshire and Landrace pig breeds are distributed worldwide, and this study may not have fully revealed the extent of SLA diversity in these breeds because of specific selection in different countries, the possibility of founder effects, the relatively small sample size, and the breeding schemes for Yorkshire and Landrace pigs. However, the results provide the first data for the SLA haplotype repertoire of SPF Yorkshire and Landrace pigs and improve our knowledge of the allelic architecture of the SLA system. Previous studies have also shown that the SLA protein can inhibit natural killer-mediated cytotoxicity ([@B40]). Therefore, several resource populations of pigs with well-characterized SLA antigens are now available worldwide for experiments in various disciplines, with special emphasis on xenotransplantation and immunologic mechanism studies.

The peptide-binding function of only seven already known SLA class I alleles identified in Danish swine herds have been analyzed using the *MHCcluster* method ([@B19]). The functional diversity of the majority of SLA class I alleles have never been comprehensively compared up to now. Canadian SPF Yorkshire and Landrace pigs are more suitable as laboratory animal models for biomedical research because of their unique advantages. In order to obtain more extensive applications for these two swine species and decide which SLA proteins to include in future functional analyses, it is significant and necessary to comparative analyze the functional diversity of SLA class I alleles identified in this study. We chose 19 identified frequent SLA class I alleles in SPF Yorkshire and Landrace pigs for clustering analysis using the *MHCcluster* method. Even though the application of this method is limited to comparing functional similarities between large sets of MHC molecules, it is an effective visual tool combining functional clustering and visualization of predicted binding motifs, allowing for direct functional mapping of MHC molecules. Most of the polymorphism of SLA class I proteins is resident in the peptide-binding groove. Crystal structural analysis indicated that the peptide-binding groove of SLA class I molecules contains six pockets and these pockets play critical biochemical roles in determining the peptide-binding motif of SLA class I alleles ([@B6], [@B41]). SLA molecules perform the important functions of sampling and displaying peptides to T cells. The binding of an appropriate peptide to SLA is the single most selective event in antigen presentation. Any search for immunogenic epitopes should therefore consider the identification of SLA-binding peptides to be a high priority. However, the binding of different SLA alleles and different classes of peptide was determined by the fit between these "pockets" and "anchor" residues in the peptides ([@B4]--[@B6]). Only a fraction of peptides that fit the simple kind of motif used actually bind the corresponding class I molecule with measurable affinities. Therefore, the characterization of the peptide-binding motifs of SLA class I proteins is beneficial to identify the cognate virally derived peptides and made it possible to explore the nature of the SLA proteins and the roles they play in establishing adaptive immunity. It could also lead to accelerated development of peptide vaccines with increased efficacy due to optimal activation of cell-mediated immune responses with minimal adverse events. Moreover, the peptide motifs of MHC molecules can determine the resistance and susceptibility to some important animal pathogen, for example, for the dominantly expressed chicken MHC class I molecule ([@B42]). In this study, we confirmed the existence of four supertypes to analyze the specificities of 19 SLA class I molecules. However, the analysis also clearly revealed that not all class I molecules fitted equally well into a supertype classification scheme, and that each supertype consisted of class I molecules with highly divergent specificities. It demonstrate that common SLA class I proteins have high levels of functional diversity. The binding specificities represented by the sequence logos indicated that some different alleles (e.g., *SLA-3*\*01:01, *SLA-3*\*04:01, *SLA-3*\*04:02, and *SLA-3*\*07:01) appeared to be similar in terms of function and were classified in a single cluster using functional clustering. This indicated a somewhat shared functionality among the SLA class I proteins *SLA-3*\*01:01, *SLA-3*\*04:01, *SLA-3*\*04:02, and *SLA-3*\*07:01 compared with other proteins (e.g., *SLA-1*\*01:01 and *SLA-2*\*05:02), and distinct from the others. It suggests that clustering analysis could be as a guide to help us understanding immunological phenotypic similarities between pig breeds using information about SLA types, especially for some pigs heterozygous at SLA class I loci. It could also provide information on where a specific allele (maybe present at a high frequency in a particular cohort) fits into the specificity space covered by the common MHC molecules. Furthermore, clustering analysis revealed functional differences among some SLA class I proteins, which suggests that we can produce these molecules to broaden the repertoire and achieve a higher chance of matching animals in terms of SLA expression in future peptide--epitope studies. The results of the current study thus demonstrate that the MHC clustering method can be used to identify specific MHC proteins with the most diverse and broad coverage of the overall peptide-binding repertoire and chance for cytotoxic lymphocyte recognition.

In conclusion, we molecularly defined 17 class I haplotypes and 11 class II haplotypes in Canadian SPF Yorkshire and Landrace pigs using SBT and PCR-SSP methods. The official ISAG haplotype designations were assigned by the SLA Nomenclature Committee. These pig breeds with known SLA backgrounds will be valuable experimental animals for animal health and biomedical research, including swine immune responses and transplantation studies. We also have analyzed the functional diversities of 19 identified frequent SLA class I molecules and confirmed the existence of four supertypes using the *MHCcluster* method. This information is important for investigating immunological phenotypic differences, screening potential T-cell epitopes, and studying T-cell immune responses to specific epitopes of certain endemic pathogens.
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